Formation of anindium tin oxide nanodot/Ag nanowire electrode as a current spreader for near ultraviolet AlGaN-based light-emitting diodes 1 . Introduction Development of AlGaN-based ultraviolet (UV) light-emitting diodes (LEDs) is technologically important because of their use in various applications such as UV curing, water purification, and solid-state lighting [1] [2] [3] [4] . However, because most of the photons generated from the active region were absorbed by the p-type contacts, the external quantum efficiency (EQE) is quite low. Thus, to improve thelight extraction efficiency and thereby to enhance the EQE, Ni/Au or transparent conducting oxides (TCOs), such as indium tin oxide (ITO) and ZnO, have beenwidely investigated to develop p-type contacts for UV LEDs [5] [6] [7] [8] [9] [10] [11] . For example, Chae et al [8] found that F-doping of ITO increased the work function and the energy bandgap of films but reduced their Schottky barrier height, and the corresponding UV LEDs exhibited 148% higher output power at 100 mA than LEDs with undoped ITO. Tamura et al [10] investigated the effect of amolecular beam epitaxy-grown Gadoped ZnO (ZnO:Ga) transparent electrode on the performance of InGaN-based UV LEDs, and reported that ZnO:Ga films had higher transmittance in thenear UV (NUV) wavelength range than oxidized Ni/Au p-type electrodes. Consequently, the optical power of LEDs fabricated using a ZnO:Ga p-type electrode was found to be nearly twofold compared to that of LEDs with aNi/Au p-electrode. Nevertheless, the transmittance of aTCO-based p-type electrode in the NUV region needs to be further improved. Thus, nanostructure-based transparent conducting electrodes, including graphene, carbon nanotubes and silver nanowires (Ag NWs), have been actively investigated because they have high optical transmittance and low electrical resistance [12] [13] [14] [15] [16] [17] [18] [19] . For example, Chandramohan et al [12] found that usingAuCl 3 -doped graphene and Au layer/graphene sheets as acurrent spreading electrode resulted in alower forward voltage compared with LEDs with anITO electrode. Kim et al [13] observed that UV LEDs (368 nm) with atwo-layergraphene electrode exhibited higher electroluminescence (EL) than LEDs with afour-layer-graphene electrode. Jeong et al [16] observed that theuse of Ag NWs as a current spreader resulted in much higher EL intensity at 45 mA compared with LEDs without Ag NWs. The enhancement was attributed to the improved current spreading effect. Seo et al [19] reported that Ag NW-decorated graphene (ADG) electrodes exhibited a transmittance of 87.7% at 375 nm and a sheet resistance of 50±5 Ω sq . The UV LEDs (375 nm) with optimal ADG electrode exhibited approximately four-fold higher EL intensity compared with LEDs with abare graphene electrode. This enhancement was attributed to the reduced sheet resistance and contact resistance. For the fabrication of ITO nanostructures, there are two types of methods: (1) thin film deposition; (2) solution-based synthesis [20] . Deposition-based methods, such as avapor evaporation process, spray pyrolysis, and pulsed laser deposition, have poor control over the size of ITO nanoparticles. Solution-based methods, such as solvo-thermal synthesis, thePenchini method, and theco-precipitation method, contain many critical steps in the preparation processes of ITO nanoparticles that directly affect the tunability of particle size. In this study, a simple wet-etching process using a dilute HCl acid solution followed by rapid-thermal annealing was used to form ITO nanodots (NDs). This method is effective in producing highly crystalline and size-controlled ITO NDs by controlling the thickness of theITO films and acid concentration [20] . Here, we investigatehow hybrid ITO ND/Ag NW electrodes affect the electrical and optical properties of NUV (385 nm) LEDs. Emission images are obtained to characterize the output performance of LEDs with different p-type electrodes. Finite-difference time-domain (FDTD) simulations are-performed to investigate the extraction efficiency.
Experimental procedure
A metalorganic chemical vapor deposition system was used to grow NUV (385 nm) AlGaN/InGaN-based LED structures on (0001) sapphire substrates. The epitaxial structure consisted of ) layer. Ag NWs (diameter: 30±5 nm; length: 25±5 μm) dispersed in ethanol at 0.3 wt% were purchased from NANOPYXIS Inc. Prior to metal deposition, all the samples were treated with a buffered oxide etch solution for 1 min and rinsed in deionized water. To fabricate the LEDs (chip size=300×800 μm 2 ), standard photo-lithography and inductively coupled plasma reactive-ion etching processes were performed. A transparent p-type ohmic contact was formed as follows. First, to form ND-shaped surface roughening (which isreferred to here as ITO ND), asdeposited (electron-beam-deposited) ITO layers (100 nm) were dipped in aHCl:deionized (DI) water (1:2) solution for 20 s, followed by annealing at 550°C for 1 min in air [6] . The scanning electron microscopy (SEM) micrographs of ITO NDs before and after annealing are shown in figures 1(a) and (b), respectively. It is evident that etching the as-deposited ITO film resulted in the formation of ITO NDs. After that, the Cr/Ni/Au (20 nm/25 nm/50 nm) layer was deposited as both p-pad and n-pad. The ethanol Ag NW solution was subsequently spincoated over the ITO NDs at three different coating speeds of 1000, 2000, and 3000 rpm for 30 s each. The surface morphologies of different ITO ND/Ag NW were observed by SEM, as shown in figures 1(c)-(e). The ITO NDs were employed to improve current spreading by connecting Ag NWs with another. For comparison, LEDs with 10 nm-thick ITO-only and ITO ND-only electrodes were also fabricated. The schematic structures of LEDs with ITO-only, ITO NDonly, and ITO ND/Ag NW are shown in figures 2(a)-(c) , respectively. The current-voltage (I-V ) curves and light output power measurements were performed using a Keithley 238 and a Newport dual channel powermeter, respectively. Transmittances of the ITO-only, ITO ND-only, and ITO ND/Ag NW films on sapphire substrates were measured using a UV-visible spectrophotometer. wavelength of 385 nm, the 10 nm-thick ITO-only and ITO ND-only films show higher transmittance than the ITO ND/ Ag NW films coated at 1000, 2000, and 3000 rpm, as summarized in table 1. The fact that the transmittance increases with increasing coating speed can be attributed to the decrease in the density of Ag NWs.
Results and discussion
The sheet resistances of the 10 nm-thick ITO-only, ITO ND-only, and ITO ND/Ag NW films were characterized. Because of the highly conductive Ag NWs and ohmic contacts between ITO NDs and Ag NWs [21] , ITO ND/Ag NW films coated at 1000, 2000, and 3000 rpm have much lower sheet resistances than the ITO-only film, as shown in table 1. Figure 4 shows the I-V characteristics of NUV (385 nm) LEDs fabricated with 10 nm-thick ITO-only, ITO ND-only, and ITO ND/Ag NW electrodes. The LEDs with the ITOonly and ITO ND-only electrodes exhibit forward-bias voltages of 3.50 and 3.80 V at 20 mA, respectively. On the other hand, the LEDs with ITO ND/Ag NW electrodes have higher forward voltages than the LEDs with the ITO-only electrode, as shown in table 1. In addition, the LEDs with the ITO-only electrodes gave lower series resistance than those with ITO ND/Ag NW electrodes (table 1). Note that the forward-bias voltage decreases with decreasing coating speed. With the fact that the sheet resistance decreased with coating speed, the improved forward voltage characteristics could be ascribed to the enhanced lateral current flow caused by the increased density of Ag NWs. Figure 5 exhibits the light output powers of NUV LEDs fabricated with various electrodes as a function of the forward current. The measurements exhibit that the LEDs with the ITO ND/Ag NW electrodes yield higher output power than those with the ITO-only electrode, although the latter gave higher optical transmittance and lower forward voltage, as summarized in table 1. The lower light output of the LEDs with the ITO-only electrode is believed to be related to the current crowding caused by the high sheet resistance of the thin ITO film, as described previously (table 1). The fact that the light output of LEDs with ITO ND/Ag NW films decreased with increasing coating speed could be related to the reduced lateral current flow due to the decreased density of Ag NWs.
To investigate the current spreading and light emission behavior of the NUV LEDs (chip size=300×800 μm 2 ) fabricated with different ITO-based Ag NWs electrodes, the emission images of the chips were obatined at a forward bias of 10 mA. Figure 6 shows the plan-view emission images from the LEDs with ITO-only, ITO ND-only, and ITO ND/ Ag NW electrodes. It is noted that the original emission images were reduced to 250 different colors using the MATLAB program. For the LEDs with ITO-only and ITO ND-only electrodes (figures 6(a) and (b), respectively), the photoemission is not uniform and issignificantly localized around the p-pad because of current crowding. This can be ascribed to the higher sheet resistance of the electrodes. On the otherhand, the LEDs with ITO ND/Ag NW electrodes coated at 1000, 2000, and 3000 rpm (figures 6(c)-(e), respectively) exhibit better light emission across the chip area, although they arestill non-uniform. The better uniformity is due to the fact that the highly conducting Ag NWs forming ohmic contacts to ITO [21] played a vital role in improving current spreading, resulting in a much higher output power. It is noted that the LED fabricated with Ag NWs coated at 1000 rpm showed better light emission than those with 2000and 3000 rpmcoated Ag NWs electrodes. This can be explained by the improved sheet resistance due to the increased density of Ag NWs. In spite of the poorer transmittance and forward voltages, LEDs with ITO ND/Ag NW electrodes had much higher output power than those with ITO-only electrodes ( figure 5 ). This improvement can be explained by the lower sheet resistance (and so better current spreading) as confirmed by the emission images ( figure 6 ). Furthermore, to investigate whether the presence of ITO NDsand Ag NWs increases the extraction efficiency, FDTD simulations were performed on GaN/sapphire LED structures with a planar surface, ITO NDs, and Ag NWs ( figure 7(a) ). The ITO NDsand Ag NWs were randomly distributed on the upper GaN layer. Fill factors (FFs) of the Ag NWs and ITO dots were measured using the MATLAB program. The ITO ND/Ag NW films coated at 1000, 2000, and 3000 rpm had FFs of 14.8%, 9.2%, and 6.6%, respectively (Ag NWs). On the otherhand, for the ITO NDsample, theFF was 17% (NDs). However, for simplicity, the FFs were set to be 15%, 10%, and 5% (inset, figure 7(a) ) (for Ag NWs) and 15% (for ITO NDs). The simulations show that the presence of both Ag NWs and ITO NDsenhances light extraction. For the Ag NWs, the extraction efficiency increases gradually with increasing FF (namely, with decreasing coating speed). It is noted that the Ag NWs films with FFs of 10% and 15% give higher extraction efficiency than ITO dots. This is because the complex refractive index of Ag forms a high-index-contrast pattern, thus inducing strong scattering [22] . The snapshots of electric field intensity reveal that the ITO NDsand the Ag NWs effectively interact with the light generated from a dipole source ( figure 7(b) ). This illustrates an enhancement in the light extraction in the LEDs with ITO ND/Ag NW (the 1000 rpm sample) compared with the others. Thus, the emission images and the FDTD simulation results indicate that the combined effects of imrpoved current spreading and extract efficiency are responsible for the higher output power of the LEDs with ITO ND/Ag NW films coated at 1000 rpm. 
Summary and conclusion
We investigated the output performance of NUV AlGaNbased LEDs fabricated with ITO ND/Ag NW electrodes and compared it with that of LEDs with a10 nm-thick ITO-only electrode. The ITO ND/Ag NW films showed lower transmittance at 385 nm and lower sheet resistance than the ITOonly film. LEDs with these ITO ND/Ag NW electrodes yielded higher light output than LEDs with anITO-only electrode, due to enhanced current spreading and improved light extraction. These results show that these hybrid ITO ND/Ag NW films could be a promising electrode for the development of high-efficiency NUV LEDs.
